Freezing of gait (FOG) in Parkinson's disease (PD) is frequently triggered upon passing through narrow spaces such as doorways. However, despite being common the neural mechanisms underlying this phenomenon are poorly understood. In our study, 19 patients who routinely experience FOG performed a previously validated virtual reality (VR) gait paradigm where they used foot-pedals to navigate a series of doorways. Patients underwent testing randomised between both their "ON" and "OFF" medication states. Task performance in conjunction with blood oxygenation level dependent (BOLD) signal changes between "ON" and "OFF" states were compared within each patient. Specifically, as they passed through a doorway in the VR environment patients demonstrated significantly longer "footstep" latencies in the OFF state compared to the ON state. As seen clinically in FOG this locomotive delay was primarily triggered by narrow doorways rather than wide doorways. Functional magnetic resonance imaging revealed that footstep prolongation on passing through doorways was associated with selective hypoactivation in the presupplementary motor area (pSMA) bilaterally. Task-based functional connectivity analyses revealed that increased latency in response to doorways was inversely correlated with the degree of functional connectivity between the pSMA and the subthalamic nucleus (STN) across both hemispheres. Furthermore, increased frequency of prolonged footstep latency was associated with increased connectivity between the bilateral STN.
reaching a destination, and when negotiating narrow passages such as doorways (Almeida & Lebold, 2010; Cohen, Chao, Nutt, & Horak, 2011; Schaafsma et al., 2003) . Furthermore, it is well known that freezing occurs with increased severity and frequency in patients when they are in their clinical OFF state, suggesting a dopaminergic role in the manifestation of this phenomenon (Giladi, 2008) . Indeed, dopaminergic treatment remains the mainstay of treatment for freezing especially in its earlier stages (Nonnekes et al., 2015) .
Alterations in specific motor behaviours have been identified in patients with FOG even in the absence of specific freezing episodes.
Examples of this include an increased variability in step amplitude and timing Hausdorff et al., 2003) and abnormal postural adjustments prior to footstep initiation (Almeida, Frank, Roy, Patla, & Jog, 2007) . In addition, similar phenomena have been observed in nongait activities such as altered timing in bimanual upper limb tasks (Vercruysse et al., 2012) and increased step variability when performing a bipedal stepping task Nantel, de Solages, & Bronte-Stewart, 2011) . These findings suggest that the mechanism underlying freezing may reflect a more generalised impairment in networks sub-serving motor output.
Until recently, defining the neural correlates of FOG had been challenging due to the inherent limitations accompanying the functional imaging of gait (Bakker, Verstappen, Bloem, & Toni, 2007) , however neuroimaging studies employing novel paradigms have shed significant light on the pathophysiology underlying freezing. Such protocols have used motor imagery tasks (Snijders et al., 2011) and assessments of upper limb motor blocks (Vercruysse et al., 2014) to successfully define differences in patients with FOG. Meanwhile experiments from our own group have demonstrated the utility of a virtual reality (VR) paradigm in which subjects perform a bipedal lower limb motor task to move through a realistic three dimensional environment Shine, Mattar, Ward, Frank, et al., 2013) . These studies have demonstrated that freezing behaviour provoked within the VR environment can actually be correlated with true FOG events during Timed Up-and-Go (TUG) tasks in the clinic .
Combining this VR approach with functional MRI, we have recently shown that these behavioural freezing episodes are associated with a significant increase in the blood oxygen level dependent (BOLD) response within the bilateral dorsolateral prefrontal cortex and the posterior parietal cortex and a concomitant decrease in activity within subcortical structures including the bilateral caudate nucleus, the globus pallidus internus (GPi), the subthalamic nucleus (STN), and the mesencephalic locomotor region (MLR; . In a separate cohort, functional connectivity analyses revealed that these paroxysmal motor arrests are associated with functional decoupling between the cognitive control network and basal ganglia in each hemisphere within patients who freeze .
These findings support an emerging conceptual framework for freezing that implicates frontoparietal dysfunction in the pathogenesis of FOG (Lewis & Barker, 2009; . This is supported by the fact that FOG is associated with deficits in executive functions including attentional set-shifting ). According to this framework, internal and external stimuli activate a range of cortical networks across cognitive, limbic, and/or motor domains, which compete for a limited processing capacity within the striatum and other cortical structures responsible for conflict resolution (Lewis & Shine, 2016) . Interestingly, a number of these processes have also been shown to be mediated by the "hyperdirect" pathway consisting of the presupplementary motor area (pSMA) and the STN (Aron, Behrens, Smith, Frank, & Poldrack, 2007; Cavanagh & Frank, 2013; Isoda & Hikosaka, 2008) . Such a model of freezing incorporating the corticostriatal and hyperdirect pathways has the potential to account for a number of different clinical observations such as the fact that freezing may be triggered by cognitive, affective, and sensorimotor cues, and ameliorated in circumstances that externally orient attentional resources to walking such as through the use of auditory pacing and targets for stepping (Rahman, Griffin, Quinn, & Jahanshahi, 2008) .
It has been established that freezing can often be triggered on passing through narrow spaces such as doorways (Almeida & Lebold, 2010; Cohen et al., 2011; Cowie, Limousin, Peters, Hariz, & Day, 2012) . Furthermore, narrower doorways are more likely to trigger freezing especially in the relative absence of dopaminergic medication (Cowie et al., 2012; Schaafsma et al., 2003) . Previously, we have explored whether similar freezing behaviour could be elicited by doorways presented in the VR gait paradigm Matar, Shine, Naismith, & Lewis, 2014) . Within these studies patients with FOG demonstrated intermittently increased foot-stepping latency in response to doorways that when averaged across all trials were significantly greater compared to PD patients without freezing and controls.
Furthermore, delayed footstep latency associated with doorways within the VR paradigm was significantly improved with dopaminergic medication exclusively in patients with FOG (Matar et al., 2014) .
Following on with this in the present study, we combined the same VR gait paradigm with functional magnetic resonance imaging (fMRI) in an effort to investigate the neural basis underlying doorway provoked freezing behaviour and modulated dopaminergic input by assessing patients in both their ON and OFF conditions. We hypothesised that comparing the pattern of fMRI signal change between ON and OFF states during prolonged footstep latencies associated with doorways in the VR environment would highlight those regions underlying the freezing behaviour associated with environmental cues. In particular, we predicted that disturbances in activation of the pSMA and its connectivity with the STN, as part of the hyperdirect pathway, would correlate with the motor delay observed in response to doorways.
| MATERIALS AND METHODS

| Participants
Nineteen patients with idiopathic PD who were known to experience FOG were recruited from the Brain and Mind Centre, Parkinson's disease Research Clinic. All patients satisfied the United Kingdom Parkinson's Disease Society Brain Bank criteria (Gibb & Lees, 1988 Stebbins et al. [2013] for calculation). As expected PIGD scores were greater than tremor scores for patients in our cohort.
Patients were selected based on self-reported FOG symptoms.
This was assessed through completion of the FOG questionnaire (FOG-Q) and by direct observation by the investigators (Giladi et al., 2000) . All patients were classified as experiencing FOG (FOG+ patients) as per item three (FOG-Q3: "Do you feel that your feet get glued to the floor while walking, making a turn or when trying to initiate walking (freezing)?"). A positive response to FOG-Q3 (score 1-4) has been proven to be reliable for identifying patients with FOG (Giladi et al., 2009 Folstein, Folstein, & McHugh, 1975 ) and were deemed not to have dementia based on MDS guidelines (Emre et al., 2007) or major depression according to DSM-IV criteria (American Psychiatric Association, 2000) by consensus rating of a Neurologist (SJGL) and a Neuropsychologist (SLN). All Patients taking anti-depressants, anti-psychotics, and benzodiazepines were excluded from the study. Performance data is provided in Table 1 .
| VR paradigm
The VR paradigm employed the Virtual Gait Laboratory (VGL), which displays a three-dimensional corridor presented in the first person.
This environment was constructed using a software development kit made available by ID Software (Mesquite, TX). In this paradigm, the participant is supine with left and right feet positioned over corresponding foot pedals. The virtual environment is displayed on a small screen mounted on the head coils. Gait initiation ("WALK" presented in green) and stopping cues ("STOP" presented in red) were displayed on screen at predefined intervals as described previously . To navigate the virtual environment, the patient is instructed to step on the pedals, alternating between left and right with a speed akin to their natural walking rhythm. This action is associated with stepping movements on the display screen. While all pedal responses were recorded, the system was configured such that forward progression on screen is halted during "out of sequence" steps (i.e., left-left or right-right) thus enforcing that on-screen movement was only associated with alternating left-right sequences. The time point corresponding to every step (pedal depression) made by the patient was recorded thus allowing for the calculation of time taken between any two successfully completed steps. On the screen, patients were required to navigate a virtual corridor along which "narrow" and "wide" doorways (wide doorways being twice the width of narrow) are encountered at irregular intervals. Each subject undertook a single 10-min trial while in the scanner, which consisted of 10 interleaved blocks with 4-5 s of "rest" between blocks. The time points coinciding with the passing through a narrow or wide doorway were recorded to allow synchronisation with fMRI. All subjects underwent a practice run with the VR task outside of the MRI scanner to familiarize subjects with the format of the paradigm and minimize training effects.
Participants were required to demonstrate adequate understanding and performance on the task prior to testing.
| Behavioural analysis
The main output measure of the paradigm was "footstep latency", defined as the time taken between two alternate (left-right or rightleft) steps resulting in forward movement on screen. A previous study utilising this paradigm has shown the longest spontaneous "step" latency to correlate with self-reported and actual FOG Shine, Matar, Bolitho, Dilda, et al., 2013) .
In order to characterize the effects of environmental stimuli on motor behaviour, the outcome of interest chosen in this study was the maximum footstep latency occurring within three steps of a virtual doorway (see Matar et al., 2013) . This doorway-associated maximum latency was then scaled (divided) by each subject's own modal footstep latency (henceforth referred to as simply "MFSL"). The modal latency was obtained by taking the most frequent footstep latency observed for each subject throughout the entire VGL as grouped into bins of 0.1 s. The modal footstep latency is considered to be a more robust measure of the cadence of natural stepping than the average footstep latency, which can be skewed by exceptionally long latencies that reflect episodes of freezing behaviour. This measure was chosen to increase the sensitivity of the paradigm to any stimulus-provoked behavioural disturbances and has been previously shown to reliably separate groups of FOG+ PD patients from those without FOG (FOG−) and controls using a cognitive task within the paradigm (Matar et al., , 2014 Shine, Matar, Ward, Frank, et al., 2013) .
The time points corresponding to the onset of the MFSL in response to each doorway were extracted and used for the eventrelated imaging analysis (below). For the behavioural comparisons, we examined the scaled MFSLs in response to all doorways, with additional subanalysis of narrow doorways versus wide doorways.
The MFSL in response to every doorway encountered during the paradigm was averaged across the entire run for each patient (mean MFSL). The mean MFSL was then used for statistical comparison between the ON and OFF performances (see Matar et al., 2013) . As expected, the data was not normally distributed, thus paired statistical comparison were performed using the two-tailed nonparametric sign test. Data analysis was performed using Statistical Package for the Social Sciences Version 17 (SPSS; Chicago, IL).
Considering the sample size, the conventional alpha level of 0.05 was used to minimize Type II errors. Results are expressed as mean ± standard error unless otherwise specified.
| Image acquisition
Imaging was conducted on a General Electric 3 Tesla MRI (General 
| Image preprocessing
Statistical parametric mapping software (SPM12, Wellcome Trust
Centre for Neuroimaging, London, UK, http://www.fil.ion.ucl.ac.
uk/spm/software/) was used for image processing and analysis. Image processing and analysis was also conducted in SPM8 and the comparative results are shown in Supporting Information Figure S2 . Functional images were slice-time corrected to the median (17th) slice in each TR and were realigned to create a mean realigned image. The images were then normalised to the Echo Planar Image (EPI) template and smoothed using an 8-mm full-width half-maximum isotropic Gaussian kernel. Due to the increased risk of head movements in this clinical population, each trial was subsequently analysed using ArtRepair (Mazaika, Whifield-Gabrieli, Reiss, & Glover, 2007) and trials with a large amount of global drift or scan-to-scan head movements greater than 1 mm were corrected using interpolation. Head movements were minimised with the application of soft padding and positioners. Trials with scan-to-scan head-movements of greater than 3 mm or 3 of movement were removed from the analysis.
| Neuroimaging analysis
Statistical parametric maps were calculated for each subject using a general linear model analysis within an event-related design in which the slowest step through a virtual doorway in the ON state was then contrasted with the corresponding slowest step in the OFF state for each patient (no other events were modelled). Contrast images from the first-level analyses were then entered into a second-level randomeffects design in order to determine the group-level effects of the condition of interest. These images were analysed using an alpha level of 0.005 and a cluster threshold of 10, in order to strike a balance between Type I and Type II errors (Lieberman & Cunningham, 2009 ).
The result was visualised using xjView toolbox (http://www.alivelearn.
net/xjview).
In order to determine the relative contribution of the ON and OFF state to any relative differences between conditions in a given region, a 4 mm spherical region of interest (ROI) was drawn around the peak of any clusters that passed the statistical threshold applied to the second level analysis. The contrast value for this ROI was then extracted using the MarsBar toolbox (http://marsbar.sourceforge.net), allowing for the calculation of significant within and between condition effects. ROI coordinates in this study are reported in Montreal Neurological Institute (MNI) space.
| Task based functional connectivity
In a recent study, we showed that freezing in the VR task is related to functional decoupling between the cortex and basal ganglia (Shine, Matar, Ward, Frank, et al., 2013) . A direct prediction of these results is that footstep delay during the navigation of virtual doorways should similarly show a pattern of reduced connectivity between cortical and subcortical structures. To assess this prediction in the current study, we extracted BOLD data from a 4 mm spherical ROI (as defined 
| Imaging results
The second level analysis revealed a single cluster of decreased BOLD signal in the pSMA bilaterally distributed across the two hemispheres of the brain (MNI: left hemisphere peak voxel: −1 × 29 × 49; t = 3.71; right hemisphere peak voxel: 6 × 41 × 43; t = 3.58), which was driven by a significant decrease in this ROI in the OFF state (average = −0.67; t = 1.67 and p < 0.05) and a nonsignificant increase in the ON state (average = 0.15; t = 0.17 and p > 0.1). The results of these analyses are displayed graphically in Figure 2 .
To supplement the connectivity analyses below, we also per- 
| Task-based functional connectivity
The pSMA connects with the STN as part of the "hyperdirect path- Table 2 . This analysis revealed significantly reduced STN to pSMA connectivity both within and between hemispheres in the OFF state (p < 0.05). There was no significant difference in STN-STN or pSMA-pSMA connectivity between hemispheres, and no significant difference between bilateral auditory cortex as a function of medication state.
Next, we looked specifically to see whether differences in connectivity between the average pSMA and STN correlated with performance in the task. This analysis showed that the degree of impaired functional connectivity between the pSMA and STN in the OFF state (relative to the ON state) was positively correlated (r = 0.441, p < 0.05) with the degree of footstep latency when passing through doorways (see Figure 3) .
Finally, drawing on work relating increased aberrant oscillatory activity between STN nuclei to FOG (see Section 4) we wanted to explore whether the frequency of especially prolonged footsteps occurring while passing through a doorway may be associated with 
| DISCUSSION
This is the first study to identify the neural correlates underlying freezing-related motor behaviour in response to a recognised environmental trigger of FOG. Specifically, we found that the dopaminergic dependency of the freezing behaviour associated with doorways was mediated by hypoactivation in the pSMA and impaired functional connectivity between the pSMA and the STN. We were also able to demonstrate that the frequency of prolonged footstep latencies triggered by doorways was associated with increased connectivity between STN bilaterally.
| Increased latency in response to virtual doorways
Analogous to the observation that doorway freezing is more common in the OFF state, we found a significant increase in footstep latency as participants passed through a virtual doorway in their OFF state compared to their clinical ON state. Importantly, the footstep latency observed over the entire paradigm, as judged by the modal latency, was not significantly different between the ON and OFF states for each subject suggesting that the increased latency seen was not due to a generalised slowing of motor output within the task but rather a specific response to the environmental stimulus. Interestingly, this effect was mainly associated with narrow rather than wide doorways, Comparison of connectivity between the ON and OFF states for connections between the STN and pSMA across both hemispheres. pSMA, presupplementary motor area; STN, subthalamic nucleus; L, Left; R, Right. * p < .05;
which also correlates well with the clinical behaviour of FOG (Cowie et al., 2012) . Further evidence for the relation of this measure to freezing behaviour comes from our previous studies showing that footstep latency associated with doorways within the VR paradigm was increased in FOG+ relative to FOG− patients and controls , and additionally, that the effect was ameliorated by dopamine only in FOG+ patients (Matar et al., 2014) . The implication of these results is that the phenomenon investigated in the present study pertains specifically to freezing and underscores the relevance of the imaging results to freezing behaviour more generally.
A significant degree of variability was observed in the group data with respect to MFSL. As expected, this was more evident in the OFF state relative to the ON state. Although not specifically tested here, this may reflect a spectrum of FOG severity represented within the cohort. This is suggested in the range of UPDRS-III scores of the subjects (Table 1) . Future studies will be required to investigate the possibility of a positive correlation between the MFSL and objective measures of FOG severity such as that obtained from direct video recording of gait Shine et al., 2012) .
As acknowledged in previous studies, a limitation of the use of this motor task to investigate gait is that it does not access other important variables of gait including posture, balance, and step length.
Nonetheless, we have shown that footstep latency within the VR paradigm is a robust measure that is able to separate FOG+ from FOG− patients and allows tractable exploration of freezing behaviour (Matar et al., , 2014 Shine, Matar, Ward, Frank, et al., 2013) . In this experiment, the maximum latencies through all doorway cues was included in the imaging analysis to increase sensitivity of the study, however this technique cannot distinguish between subtle motor delays and true freezing. Although we argue below that the two may be mediated by shared underlying mechanisms, future studies incorporating accelerometry data may be able to capture individual freezing episodes and hence, increase the specificity of the findings.
| Reduced activity in pSMA
In this study, increased footstep delay upon passing a doorway in the OFF state relative to the ON state was associated with hypoactivation in the pSMA. The pSMA is an area that has been associated with roles such as voluntary (internally cued) movement, updating and sequencing of motor plans, response inhibition, task switching and minimising interference from distracting cues (for a still relevant review of pSMA functions, see Nachev et al., 2008) . Additionally, the pSMA is heavily interconnected with basal ganglia structures with direct projections to the striatum and STN, regions which combine to form the "hyperdirect" pathway of the basal ganglia (Aron & Poldrack, 2006; Nambu, Tokuno, & Takada, 2002) . Reduced activity in the pSMA (together with the SMA) that can be ameliorated by the administration of dopaminergic agents has been previously reported in patients with PD (Haslinger et al., 2001 ). This reduced activity has been linked with a number of motor disturbances in PD such as hypokinesia and reduced stepping amplitude, as well as impairments in executive functions such as cognitive flexibility and task switching (Nachev et al., 2008; Sabatini et al., 2000) . Furthermore, alterations in activity within the pSMA and SMA have recently been reported in PD patients with FOG Snijders et al., 2011) . Reduced SMA activation was observed in our FOG+ relative to FOG− patients performing a motor imagery gait task (Snijders et al., 2011) and another experiment using the same VR task as described here showed reduced activity in the pSMA associated with cognitive and motor dual-tasking (Shine, Matar, Ward, Frank, et al., 2013) . The findings in our study suggest that the dopaminergic improvement of doorway-triggered footstep delay in patients with FOG may be modulated by activity within the pSMA. This observation could not be accounted for by more general changes in footstep amplitude or hypokinesia given that the modal footstep latency was comparable between the OFF and ON states. Instead, the effect appears to have been specifically provoked by a perceptual stimulus in the VR paradigm. We speculate that the perception of a doorway may trigger alternative motor plans associated with postural and gait adjustments, which results in additional demand on the pSMA to selectively activate or inhibit movement relating to the interfering stimulus. Therefore, reduced pSMA activation in the OFF state relative to the ON state may translate into the motor-sequencing interference observed either as a result of the disinhibition of a "stop" cue implicit in the doorway stimulus Vandenbossche et al., 2011) or simply inefficient/delayed neural processing of the stimulus and any competing motor plan (Nachev et al., 2008) .
As discussed further below, the pSMA shares direct connections with the STN as part of the "hyper-direct" pathway. In addition to the alterations in BOLD activity seen in the pSMA, we were able to show significant modulation of the BOLD response between ON and OFF states within the right STN with a trend toward significance of the bilateral STN. The lateralisation could reflect asymmetry of the pathology which is often clinically manifest in patients with PD. Alternatively, this result could also reflect reduced power owing to variation in the magnitude of dopamine responsiveness between individuals.
| Altered functional connectivity between bilateral STN and pSMA
The mechanism by which the hypoactivation in the pSMA observed above may translate to paroxysmal inhibition of motor output has been proposed to be critically dependent on its connections with the STN as part of the "hyperdirect" pathway (Lewis & Shine, 2016; . The STN is being increasingly recognised as an important structure in the pathophysiology of FOG.
It is known deep brain stimulation targeting the STN results in partial alleviation of freezing symptoms (Ferraye, Debu, & Pollak, 2008; Moreau et al., 2008; Schlenstedt et al., 2017; Xie, Kang, & Warnke, 2012) . Although traditionally the STN acts to inhibit motor output as part of the "indirect" pathway, the recent realisation of the "hyperdirect" pathway allows a means for the premotor regions to bypass the striatum and directly influence motor gating through its projections to the STN (Nambu et al., 2002) . Data from neurophysiological and computational experiments suggest this pathway mediates the processes of conflict resolution and response inhibition (Cavanagh & Frank, 2013) .
In this study, we were able to show that reduced functional connectivity between the pSMA with the STN correlated with doorway evoked motor delay in FOG+ patients in their OFF state. We were also able to demonstrate reduced connectivity between the pSMA and STN structures between and within both hemispheres in the OFF state. These results emphasize a potential role for the hyperdirect pathway and possibly impaired conflict processing in the mechanisms underlying freezing behaviour. This is in alignment with recent behavioural data showing impaired conflict resolution in FOG+ patients Vandenbossche et al., 2011) . Additionally, a recent electroencephalography (EEG) study in patients with FOG was able to associate transitions from walking to freezing with increases in the theta frequency band (Handojoseno et al., 2015; Shine et al., 2014) .
Increased power within this frequency band has been linked behaviourally with a delayed reaction time in high conflict scenarios and corresponds to activation with the STN (Cavanagh & Frank, 2013) .
Further to this, a more recent EEG study examining recordings from implanted STN electrodes for chronic stimulation found that FOG is associated with increased power in the high-beta frequency in the OFF state which cohered maximally with midline cortical structures such as the SMA (and likely also the pSMA; Toledo et al., 2014 ).
An updated model of freezing incorporating the pSMA and STN has been proposed focusing on frontostriatal impairment in the pathogenesis of FOG . It is argued that pathology affecting various cortical and subcortical structures including the brainstem, the pedunculopontine nucleus, and the pSMA reduces efficient processing of conflict signals and gating of motor output thus triggering a state of aberrant oscillatory activity between the STN and the GPi. This state of oscillatory activity would lead to an overall decrease in energy demand and reduction in BOLD signal during freezing as has been confirmed in previous fMRI results . In the context of the present study, approaching a doorway may lead to increased conflict via the activation of several competing motor programs that encode adjustments in posture, timing and stepping rhythm. Dysfunction within the pSMA and STN connectivity either extrinsically or due to focal pathology in the pSMA may then lead to impairments in the processing of the conflict signal manifesting at one end of the spectrum as a subtle motor deficit such as a foot stepping delay ranging through to motor arrest with freezing at the other. The freezing itself would represent a paroxysmal failure of the hyperdirect pathway to select a single motor response (by inhibition of alternate responses) resulting in an unrestrained increase in excitatory input into a dopamine depleted striatum. The altered signal timing may be the trigger for the aberrant oscillatory activity hypothesised to occur within basal ganglia nuclei during freezing.
Further in favour of this hypothesis, we were able to demonstrate increased STN-STN connectivity in association with an increased frequency of prolonged footstep latencies (MFSL>2)-a measure which has been shown to correlate with severity of freezing in a timed "up and go" task . This novel result supports, albeit indirectly, the role of synchronous activity between the subcortical structures in freezing as proposed by the model above. Subcortical recordings during episodic freezing from deep-brain stimulation electrodes implanted in bilateral STN might be able to confirm this result in the future.
| CONCLUSION
In this study, we were able to directly probe the neural correlate of doorway evoked motor delays using event-related functional imaging.
We specifically examined the influence of environmental cues on footstep latency during the performance of a VR gait task and investigated the effect of dopaminergic depletion. We found that compared to the ON state, there was increased footstep latency upon passing through a doorway in the OFF state, which was associated with a specific reduced activation within the pSMA. Furthermore, functional decoupling of the pSMA and STN was observed corresponding to patients with freezing as they passed through doorways in their OFF state. Finally, we also detected a positive correlation between frequency of prolonged footsteps and connectivity between bilateral STN. This is the first study to directly explore the neural regions underlying the established phenomenon of doorway provoked FOG adding to growing evidence for the pSMA and the hyperdirect pathway as a potential therapeutic target in FOG. 
ACKNOWLEDGMENTS
CONFLICT OF INTEREST
There are no conflicts of interest to declare.
ORCID
Elie Matar
https://orcid.org/0000-0002-4994-0488
